The filamentation-induced temporal shortening of a 40 femtosecond pulse propagating in air is traced using impulsive vibrational Raman scattering and measurement of the power spectrum as a function of position along the propagation axis. The N 2 , O 2 , and H 2 O vibrational Raman responses reveal selfshortening of pulse features to 14 fs during the first filamentation cycle and to at least 9 fs in the second cycle. Spectral measurements further demonstrate that the coherent bandwidth generated in the region from 470 to 330 nm during the self-shortening process forms the $9 fs pulse.
The filamentation-induced temporal shortening of a 40 femtosecond pulse propagating in air is traced using impulsive vibrational Raman scattering and measurement of the power spectrum as a function of position along the propagation axis. The N 2 , O 2 , and H 2 O vibrational Raman responses reveal selfshortening of pulse features to 14 fs during the first filamentation cycle and to at least 9 fs in the second cycle. Spectral measurements further demonstrate that the coherent bandwidth generated in the region from 470 to 330 nm during the self-shortening process forms the $9 fs pulse. Laser filamentation [1] continues to give rise to the discovery of new phenomena including the observation of trapping and destruction of filaments by molecular quantum wakes [2] , the generation of terahertz radiation [3] , and the production of curved filament beams [4] . Filamentation in gases also provides a pathway to the formation of nearly single-cycle pulses with high efficiency using driving pulses of much longer duration (35-50 fs) [5, 6] . Currently, there is no method capable of directly probing the spatio-temporal pulse shaping that occurs during filamentary propagation [7] due to the high intensity generated in a filament ($10 13 W cm À2 ) [8] . As a result, measurement of gas-phase filament temporal dynamics as a function of position has been restricted to plasma-mediated methods, such as fluorescence analysis [9] , plasma-generated acoustic wave analysis [10] , and conductivity measurements [11] . The pulse temporal dynamics before and after filamentation have been characterized [6, 12] . Here we present spectroscopic measurements of impulsively excited vibrations that reveal pulse shortening in atmospheric air as a function of longitudinal position within the filament. The longitudinally resolved self-shortening measurements are supported by spectral measurements taken along the filament propagation axis.
Impulsive stimulated Raman scattering (ISRS) is used to investigate the temporal structure of the filament as a function of distance. ISRS occurs whenever a pulse propagating through a medium has a duration or temporal substructure comparable to the oscillation period of a Raman-active mode of the medium [13, 14] . This creates a coherent rotational or vibrational wave packet that evolves with a characteristic period, . The resulting time-dependent polarizability in the sample will imprint sidebands on a time-delayed probe pulse at ! probe AE ! R , where ! probe is the frequency of the probe and ! R is the frequency of the Raman mode. Self-shortened filament pulses have been shown to excite the fastest possible molecular vibrations (i.e., H 2 , vib ¼ 8:0 fs) [15, 16] . We show that measuring the relative Raman sideband intensities of a distribution of excited rovibrational states as a function of propagation distance provides a means of characterizing the duration of temporal features in the laser pulse undergoing filamentation. O 2 , N 2 , and H 2 O have Raman modes with periods of 21.43 fs, 14.32 fs, and 9.12 fs, respectively, and impulsive excitation of these modes is used to track the temporal shortening of a pulse in an airborne filament.
In our experiment, a 2.5 mJ, 40 fs, 1 kHz amplifier with bandwidth centered at 800 nm is used to create a filament pump pulse and a narrow band probe pulse. The laser beam has a Gaussian spatial profile with a diameter of $4:1 mm at 1=e 2 intensity. Focusing the 1.9-mJ-pump pulse into atmospheric air with a 2-m lens generates a single filament. The filament is made in an open-ended tube preceding the overlap region to reduce turbulence, and is optimized by adjusting the temporal chirp of the pulse and by inserting an adjustable aperture before the focusing lens. The chirp and aperture diameter are adjusted to maximize the spectral blue shift of the resulting continuum. The 2-m lens is placed on a 30 cm-long translation stage, as shown in probe pulse is rotated with respect to that of the pump pulse with a half-wave plate and the beam diameter is reduced using a telescope in order to fit on the grating of the spectral filter providing a beam waist of $1:3 mm at 1=e 2 intensity level. The probe pulse is then spectrally filtered to reduce the bandwidth using a 4f filter with an adjustable slit placed in the Fourier plane. The resulting 10 J, 0.6 ps pulse ($25 cm À1 FWHM at 795 nm) passes through a temporal delay line and is focused using a 0.5 m lens onto the filament at a small angle ( ¼ 1:5
) with respect to the filament axis, as shown in Fig. 1 . The diameter of the probe beam at the focus (>200 m) is larger than that of the filament channel (estimated diameter $70 m), resulting in integration of the Raman signal as a function of filament radius. Cross-phase-modulation between the filament and probe pulses arising from the instantaneous response is minimized by introducing a 700 fs delay (pump preceding probe). In addition, the use of cross-polarization between the filament and probe pulses further suppresses any remaining modulation arising, for example, from the delayed rotational response. To determine the filament position, fluorescence from electronically excited N 2 and N þ 2 in the filament was imaged using a digital camera, and the pixel map was integrated over the filament region to yield relative intensity [9] .
The Raman signal travels nearly collinearly with the probe pulse and is measured using a spectrometer after filtering out the probe wavelength in the Fourier plane of a second 4f filter. The anti-Stokes Raman spectra are presented here. Optimization of the filament-probe spatial overlap was accomplished by maximizing the intensity of the Raman features present in ambient air (nitrogen, oxygen, and water) at several lens positions to ensure overlap over the entire filament region.
The fluorescence intensity as a function of distance from the 2-m lens is shown in Fig. 2(a) . In theory, this measurement can be used to extract the ionization probability and, indirectly, the intensity in the filament [9] . Assuming multiphoton ionization, the measured fluorescence intensity is proportional to the local electron density, N e ðzÞ, generated by the integrated radial distribution of the electric field, CðzÞ:
where t is time, r ? is the transverse position vector, E pump ðt; z; r ? Þ is the filament pulse electric field envelope, z is the propagation distance, and n is the multiphoton ionization order for O 2 . The electric field distribution determines the degree of ionization, and thus the integral fluorescence in the wake of the filament. The measured fluorescence profile exhibits two focusing cycles, marked as regions I and II on Fig. 2(a) , implying optimal selfshortening conditions in the filament [17] . The dynamics in region I result from an interplay of geometric and Kerr lensing with plasma defocusing, while region II involves only Kerr effects and plasma defocusing. The signal past z % 250 cm is attributed to Rayleigh-scattered continuum radiation generated via the filamentation process. The Raman spectrum measured at the end of region II, shown in Fig. 3(a) 
where N is the number of molecules in the interaction region,Ẽ probe is the electric field magnitude in the probe pulse, R is the radius of the probe beam, is the angle between the filament and the probe beam, ij are the corresponding transition dipole matrix elements, ! ij are the transition frequencies, ! obs is the spectral frequency detected, and k is the wave vector. This assumes that the narrow band probe pulse has a Gaussian transverse profile with radius R greater than the filament radius. Equation (2) is valid only in the context of nonresonant excitation. The bandwidth factor, Bð! obs À ! probe ; zÞ, accounts for the spectral amplitude and phase of the filament pulse contrib- 
This recognizes the importance of both the amplitude and the phase of each Fourier component pair whose difference corresponds to the molecule's Raman frequency, ! obs À ! probe $ ! R . The filament pulse must possess amplitude at the Fourier components whose difference corresponds to, or exceeds, the frequency ! R . The bandwidth factor quantifies the essential condition for ISRS: a sufficiently short laser pulse is required to produce a signal at a given ! obs . Moreover, the presence of short temporal features is a necessary but insufficient condition: if there are several such features, they must interfere constructively in Bð! obs À ! probe ; zÞ to provide Raman response; destructive interference will decrease signal.
Measurement of the Raman spectrum in regions I and II suggests the extent of pulse self-shortening in the filament. The Raman response of air in the wake of the filament is shown in Fig. 2(b) , where the intensity of the O 2 , N 2 , and H 2 O lines are plotted as a function of distance from the 2-m lens. Note that radial integration of the Raman response restricts the measurement to probing longitudinal dynamics. The temporal phase and amplitude ofẼ pump ðt; z; r ? Þ in Eq. (3) must account for the fact that multiple lines are measured. The simplest envelope would contain only one short feature capable of impulsively exciting the observed vibrational transitions. A more complex solution would be a pulse train that constructively excites the three vibrational lines observed. This is unlikely as the H 2 vibrational (and rotational) line(s) has also been observed previously in the presence of N 2 and O 2 in air [16] under the same filamentation conditions. Finally, as will be seen next, simulations [18] [19] [20] and our measurements suggest that the impulsive excitation mechanism involves isolated pulse features rather than a pulse train.
The longitudinal Raman response can be interpreted in the context of the spatial replenishment model proposed by Mlejnek, et al. [18] and by the more recent calculations of Brée, et al. [19] , where pulse break up (the nonlinear splitting of the temporal intensity profile into two or more subpulses) due to inherent spatial dynamics was predicted. The break-up dynamics are manifest in the relative intensities of the O 2 , N 2 , and H 2 O Raman lines. The increasing intensity of the O 2 Raman line and the subsequent increase in the N 2 line at the beginning of region I is primarily due to pulse shortening resulting from the combined action of on-axis self-focusing and plasma defocusing as the pulse approaches the nonlinear focus (z ¼ 201 cm) [20] . The decrease in both the fluorescence intensity [ Fig. 2(a) , z > 201 cm] and the O 2 Raman signal starting at z ¼ 203 cm is consistent with pulse break up. After the nonlinear focus, theory [18, 19] proposes that the trailing portion of the pulse begins to refocus, leading to the emergence of a transient double-peak temporal profile and giving rise to a second plasma channel in region II. The increase in the N 2 Raman signal, despite the lower filament intensity resulting from spatial defocusing, is consistent with refocusing and temporal compression of the trailing portion of the pulse. Subsequent propagation in the weakly ionized region II results in further shortening of the pulse in the region from z ¼ 220 to 250 cm as is clear from the increase in the intensity of the O 2 and N 2 lines by a factor of 10 and 150, respectively, as well as the appearance of the H 2 O symmetric stretch at z ¼ 230 cm. Excitation of this stretch requires a 9 fs pulse feature. The subsequent decrease in the N 2 and O 2 lines at this point reveals the halt of nonlinear pulse reshaping after z ¼ 250 cm. We note that by z ¼ 262 cm the N 2 and O 2 lines are reduced by a factor of 2, due primarily to diffraction, while the H 2 O line is reduced by a factor of 150 due to both diffraction and dispersion after the filament channel.
Measurement of the filament power spectrum supplies further insight into the filament dynamics. The spectral intensity as a function of position is given by
The quantity Að! obs ; zÞ complements the quantity Bð! R ; zÞ found in Eq. (3), so that comparison of Að! R ; zÞ and Bð! R ; zÞ for sufficient number of vibrational lines (! R ) throughout the spectrum, would provide adequate information to reconstruct the spectral phase of the filament pulse at a given position. Spectra were acquired by inserting a 150 m thick wedge into the filament path at a grazing angle [21] and scanning the longitudinal filament i.
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FIG. 3 (color online). (a)
The oxygen, nitrogen, and water Raman lines measured using our experimental setup at z ¼ 250 cm (different measurements for air and water). (b) The on-axis laser spectrum after filamentation measured in air is shown for distances from the lens of: i z ¼ 204 cm; ii z ¼ 221:2 cm; and iii z ¼ 262:4 cm, respectively. The dashed lines correspond to spectra taken at 5 cm intervals approaching z ¼ 250 cm. The pulse peak power was P ¼ 4:75P crit (P crit ¼ 10 GW [22] ) for all measurements.
position. The majority of the pulse energy is reflected from the surface of the wedge, allowing only a fraction of the radiation through the plate. This halts the filamentation process at the surface of the wedge, allowing spectral characterization of the filament from the transmitted portion of the pulse. No significant spectral differences were observed when a 1-mm piece of glass was substituted for the thin wedge, suggesting that negligible self-phase modulation occurs in the glass. The spectrum was measured $1 meter from the wedge and an aperture placed in front of the detector sampled only on-axis spectral components. Spectra measured near the peak of the first filamentation cycle (z ¼ 204 cm), between the first and the second filamentation cycles (z ¼ 221 cm), and after the end of the second filamentation cycle at 262 cm are shown in Fig. 3(b) (i-iii) , respectively. The pulse spectrum measured near the beginning of the first cycle, region I, displays modest broadening compared to the initial pulse, supporting the excitation of both O 2 and N 2 , but lacks the frequency content needed to excite H 2 O, regardless of the spectral phase of the pulse. The spectrum at z ¼ 221 cm shows that rapid blueside broadening occurs toward the end of region I and has a sharp cutoff at 500 nm. The observed spectral modulation around the fundamental, as well as the significant blueside broadening, are attributed to plasma generation, self-phase modulation, and selfsteepening effects. The rapid change in the accumulated nonlinear phase, associated with plasma generation and self-steepening, gives rise to pulse structure, as indicated by the spectral modulations from 600 to 900 nm. The increase in the nitrogen Raman intensity by a factor of 2 in comparison with the intensity measured at z ¼ 204 cm indicates self-shortening of the pulse toward the end of the first filamentation cycle. Measurement of the spectrum in the second filamentation cycle reveals that the spectral components from 470 nm to 330 nm increase simultaneously in intensity (dashed lines in Fig. 3(b) ] as a function of propagation distance. This strongly suggests that the spectral phase is flat in this region, and the quantity Bð! R ; zÞ describing the shortest observed vibrational line (water) can be approximated by measuring the integrated spectral intensity in this region as a function of distance. The dashed line in Fig. 2(b) shows the integrated spectral intensity from 470 nm to 330 nm as a function of longitudinal position. We note that the increase of the spectral density between 470 nm and 330 nm coincides nearly perfectly with the increase in the intensity of the water Raman line. This implies that the blueside continuum leads to excitation of the water Raman vibration at 3657:1 cm
À1
and that this continuum is contained in a very short pulse feature, on the order of 9 fs in duration. At propagation lengths beyond z ¼ 250 cm, the blueside frequencies temporally disperse and the pulse is no longer short enough to maintain the symmetric water Raman vibrational response at 3657:1 cm À1 .
In conclusion, we have presented longitudinally resolved measurements of the spectral evolution and coherent vibrations excited by femtosecond filamentation in air. The spatially and spectrally resolved characteristics of the filament that were obtained, including the fluorescence intensity, the Raman response for multiple values of ! R , and the power spectrum, constitute a set of complementary measurements that provide the means to characterize both the spatio-temporal pulse structure and the dynamics of the filament. Both measurements and theoretical expressions were presented for the spectral amplitude, Að! obs ; zÞ, the bandwidth factor, Bð! R ; zÞ, and the fluorescence intensity. The measurements presented here reveal that the most significant shortening of pulse features correlates with the spectral broadening in the region from 470 to 330 nm occurring in the second filament cycle, resulting in a pulse feature of at least 9 fs in duration in air. These measurements have direct application to the area of remote sensing using vibrational spectroscopy.
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